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Myxococcus xanthus PdeA and PdeB, enzymes homologous to class III 30,50-cyclic nucleotide phos-
phodiesterases, hydrolyzed 30,50- and 20,30-cyclic AMP (cAMP) to adenosine, and also demonstrated
phosphatase activity toward nucleoside 50-tri-, 50-di-, 50- and 30-monophosphates with highest activ-
ities for nucleoside 50-monophosphates. The substrate speciﬁcities of PdeA and PdeB show no sim-
ilarity to that of any known cNMP phosphodiesterase, nucleotidase, or phosphatase. The enzyme
activities of PdeA and PdeB were stimulated by 50 lMMn2+ or Co2+. The Km values of PdeA and PdeB
for 30,50-cAMP, 20,30-cAMP, 50-ATP, and 50-AMP were in the low micromolar range (1.4–12.5 lM).
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Information on environmental changes is transmitted to cells by
signal transducing proteins. 30,50-cAMP is one of the most common
signaling molecules and exists in both prokaryotes and eukaryotes
[1,2]. cAMP is involved in the regulation of numerous biological
functions in microorganisms, such as the control of metabolic path-
ways in eubacteria, differentiation and virulence in fungi, and cell
aggregation in Dictyostelium. Myxococcus xanthus is a Gram-nega-
tive bacterium, which demonstrates complex social behavior
[3,4]. In the absence of nutrients, the vegetative cells aggregate to
form fruiting bodies in which the rod-shaped cells differentiate into
spherical myxospores. It is reported that the intracellular concen-
tration of cAMP in M. xanthus increases rapidly during starvation-
and glycerol-induced development [5,6]. In addition, receptor-type
adenylyl cyclases, CyaA and CyaB, ofM. xanthus are required for os-
motic tolerance during spore germination and growth, respectively
[7,8]. The intracellular level of cAMP is regulated by its synthesis
through adenylyl cyclases, and degradation. The degradation of
cAMP is achieved by 30,50-cNMP phosphodiesterases, which cata-
lyze the cleavage of 30,50-cAMP to 50-AMP. 30,50-cNMP phosphodies-
terases are classiﬁed by primary structure into three major classes
(classes I, II, and III)[9]. Class I enzymes include all currently known
families of mammalian 30,50-cNMP phosphodiesterases, as well as a
number of 30,50-cNMP phosphodiesterases from lower eukaryotes.chemical Societies. Published by E
ura).Class II 30,50-cNMP phosphodiesterases that are present in some
eukaryotic microorganisms and some proteobacteria, but not in
higher eukaryotes. Since the amino acid sequence of Escherichia coli
cAMP phosphodiesterase (CpdA) did not show any homology to
either 30,50-cNMP phosphodiesterase class I or class II enzymes,
E. coli CpdA represented a new third class [10]. Three genes (pdeA,
pdeB, and pdeC) were found that encode proteins with homology
to E. coli CpdA from M. xanthus [11]. M. xanthus pdeA and pdeBmu-
tants showed that they impaired growth under conditions of high-
temperature stress. In addition, the spores of mutants placed under
osmotic stress germinated earlier than the wild-type spores. We
suggested that in M. xanthus under high-temperature or osmotic
stress, intracellular cAMP levels are lowered by cyclic nucleotide
phosphodiesterases, such as PdeA and PdeB, and the decrease in
cAMP results in the adaptation to high temperature or the delay
of germination under osmotic conditions. Since reports on enzy-
matic studies of class III cNMP phosphodiesterases are extremely
few [10,12], we studied the enzymatic properties of PdeA and PdeB.
PdeA and PdeB had very different enzymatic properties from cNMP
phosphodiesterases, phosphatases, and nucleotidases reported
previously [10,13–15].2. Materials and methods
2.1. Expression and puriﬁcation of PdeA and PdeB
DNA fragments containing the pdeA and pdeB genes were ampli-
ﬁed by PCR using as primers, 50-CGTGCGCATATGCGCGTCTGGGTlsevier B.V. All rights reserved.
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and 50-ATCCCCCATATGCGCATCGCCCACTGC-30 and 50-GTACTCCTG-
CAGGGTGATGTCGGTCATGG-30, respectively, and the products
were digested with NdeI and KpnI or PstI, and then ligated into
pCold-TF vector (Takara Bio.). The expression plasmids were trans-
ferred to E. coli pG-Tf2/BL21 (Takara Bio.). The cells were incubated
in 300 ml of LB medium until its optical density reached 0.4–0.5 at
37 C. Heterologous protein expression was induced by incubation
at 15 C for 20 h. Fusion proteins, with N-terminal hexahistidine
tag produced in the soluble fraction in E. coli, were puriﬁed by
afﬁnity chromatography on a Talon CellThru column (Clontech)
in accordance with the manufacturer’s instructions, and then the
puriﬁed proteins were concentrated and diaﬁltrated with 50 mM
Tris–HCl (pH 7.5) using concentrators (Ultrafree, Millipore). The
puriﬁed proteins were cleaved with HRV 3C protease (Novagen)
at 4 C for 5 h. Trigger Factor (TF), HRV 3C protease, and nonc-
leaved proteins were removed by a Talon CellThru column, and
nonbound fraction with PdeA or PdeB was concentrated on con-
centrators, and stored in aliquots at 80 C.
2.2. Enzymatic assay
cNMP phosphodiesterase and phosphatase activities were mea-
sured in a reaction mixture containing 50 mM Tris–HCl, pH 8.0,3’,5’-cAMP
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Fig. 1. (A) SDS–PAGE analysis of puriﬁed PdeA and PdeB (each 0.5 lg of protein). App
Hydrolysis of 30 ,50-cAMP by PdeA and PdeB. Reaction products were analyzed by HPLC
50 mM Tris–HCl buffer, pH 8.0, 50 lM MnCl2, and 5 lM 30 ,50-cAMP. The reactions were50 lM MnCl2, 5 lM substrate, and enzyme in a total volume of
0.125 ml. The mixtures were incubated at 40 C for 30–90 min.
For determination of the Km and Vmax, the cNMP phosphodiesterase
and phosphatase assays contained substrates at concentrations of
0.3–100 lM.
PdeA and PdeB were characterized by optimum pH, optimum
temperature, and the effects of metal ions and inhibitors on these
activities. The optimum pH was measured at pH values ranging
from 5.0 to 9.0. The optimum temperature was measured by carry-
ing out the enzymatic assays at temperatures ranging from 20 C to
55 C. To test the effect of metal ions, phosphodiesterase activity
for 30,50-cAMP and phosphomonoesterase activity for 50-AMP were
determined in the absence or presence of metal ions at 50 lM. To
assess the effect of inhibitors, PdeA and PdeB activities were as-
sayed in 0.125 ml reaction mixtures containing 50 mM Tris–HCl,
pH 8.0, 50 lM MnCl2, 5 lM substrate and 0.1–5 mM inhibitors.
The concentrations of substrates and reaction products in the
above assays were detected with a reversed-phase HPLC system
under the following conditions: column, ODS-80Ts
(0.46  15.0 cm, Tosoh); mobile phase, solvent A (5 mM tetrabutyl-
ammonium bromide in 20 mM potassium phosphate buffer, pH
3.5), solvent B (solvent A in 60% acetonitrile); gradient elution,
0 min, 95% (v/v) solvent A; 15 min, 60% solvent A; 18 min, 0% sol-
vent A; ﬂow rate, 1 ml min1; detection, 260 nm.3’,5’-cAMP
PdeB: 0 min
Retention times (min)
3’,5’-cAMP
Adenosine
5’-AMP
PdeB: 30 min
0 5 10 15
ropriate aliquots of puriﬁed PdeA and PdeB were subjected to 12% SDS–PAGE. (B)
analysis using an ODS column. The assays for hydrolysis of 30 ,50-cAMP contained
incubated at 40 C for 0 and 30 min.
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3.1. Expression of PdeA and PdeB in E. coli
PdeA and PdeB were expressed to high levels in E. coli. As shown
in Fig. 1A, the puriﬁed PdeA and PdeB were analyzed by SDS–PAGE,
which revealed a single band corresponding to molecular masses
of 29 and 34 kDa, respectively. The values obtained by SDS–PAGE
corresponded well with the molecular weights (29 and 31 kDa,
respectively) calculated from the predicted amino acid sequences
of PdeA and PdeB.
3.2. PdeA and PdeB have 30,50- and 20,30-cAMP phosphodiesterase and
phosphomonoesterase activities
Puriﬁed recombinant PdeA and PdeB were assayed for 30,50-
cNMP phosphodiesterase activity. The concentrations of substrates
and reaction products were determined by HPLC analysis. HPLC
analysis of the hydrolysis of 30,50-cAMP identiﬁed 50-AMP and
adenosine as reaction products (Fig. 1B), indicating that 30,50-cAMP
was hydrolyzed to 50-AMP, and the reaction product, 50-AMP, was
further dephosphorylated to adenosine. 30,50-cAMP was completely
hydrolyzed to adenosine when incubated with PdeA for a pro-
longed time (data not shown). A similar degradation pattern was
also shown in the PdeB assay, but the amount of 50-AMP was more
than that in the PdeA assay.6020 30 40 50
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Fig. 2. Effect of temperature (A and C) and pH (B and D) on phosphodiesterases for 30 ,5
assays for hydrolysis of 30 ,50-cAMP (A) or 50-AMP (C) were carried out in 50 mM Tris–HC
(closed circles). (B and D) The buffers used, all at an ﬁnal concentration of 0.1 M, were T
reactions were incubated at 40 C. Open and closed circles represent values obtained foPdeA and PdeB also exhibited phosphodiesterase activities
against 20,30-cAMP. In PdeB the phosphodiesterase activity for
20,30-cAMP was about 1.7-fold higher than that for 30,50-cAMP.
20,30-cAMP was hydrolyzed to 30-AMP, which is further hydrolyzed
to adenosine (data not shown). 30,50-cGMP was either not hydro-
lyzed or was cleaved very slowly by PdeA and PdeB.
To our knowledge, eukaryotic and prokaryotic 30,5-cNMP
phosphodiesterases that have enzyme activity other than 30,50-
cNMP phosphodiesterase have not been reported. In contrast,
20,30-cNMP phosphodiesterases have been shown to possess both
20,30-cNMP phosphodiesterase and 20- or 30-nucleotidase activities
[16–18]. E. coli 20,30-cNMP phosphodiesterase (CpdB) hydrolyzes
20,30-cNMP and 30-NMP, but not 30,50-cNMP, or 50-nucleoside tri-,
di-, and monophosphates [16] (Supplementary Table 1S). 20,30-
cNMP is also hydrolyzed by tRNA nucleotidyltransferases. E. coli
tRNA nucleotidyltransferase (CCA) has 20,30-cNMP phosphodiester-
ase, 20-nucleotidase, and phosphatase activities, but the CCA exhib-
its no activity toward 30,50-cNMP or 50-mononucleotides [19]. Thus,
M. xanthus PdeA and PdeB are the ﬁrst cNMP phosphodiesterases
that can hydrolyze both 30,50- and 20,30-cAMP.
The optimum temperatures for the 30,50-cAMP phosphodiester-
ase activities of PdeA and PdeB were 40 C and 50 C, respectively
(Fig. 2A). PdeA displayed a relatively broad optimal temperature.
The enzyme activities of 20,30-cNMP phosphodiesterases from
E. coli and Bacillus subtilis are activated by heat treatment in the
presence of Mn2+ or Co2+ [16,17]. After PdeA and PdeB were heated95 6 7 8
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r PdeA and PdeB activities, respectively.
Table 1
Effect of metal ions on phosphodiesterase activities with 30 ,50-cAMP and phospho-
monoesterase activities with 50-AMP.
Metal PdeA (Relative activity) PdeB (Relative activity)
30 ,50-cAMP 50-AMP 30 ,50-cAMP 50-AMP
None 100 ± 1 100 ± 17 100 ± 1 100 ± 15
CaCl2 111 ± 8 131 ± 11 100 ± 1 113 ± 0
CoCl2 320 ± 5 202 ± 12 198 ± 16 263 ± 2
MgCl2 103 ± 3 88 ± 16 98 ± 1 98 ± 6
MnCl2 400 ± 5 204 ± 2 214 ± 12 246 ± 13
FeCl2 100 ± 2 69 ± 1 86 ± 15 92 ± 19
FeCl3 97 ± 5 69 ± 0 90 ± 7 83 ± 7
ZnCl2 24 ± 0 9 ± 0 28 ± 0 25 ± 1
CaCl2 + CoCl2 326 ± 12 212 ± 10 212 ± 20 333 ± 5
Metal concentrations were 50 lM.
446 Y. Kimura et al. / FEBS Letters 583 (2009) 443–448at 37 C (control), 50 C, 55 C or 60 C for 5 min in the presence of
Mn2+ (50 lM), the reaction was started by the addition of 30,50-
cAMP, and incubated at 37 C for 45 min. Heat treatment at 50 or
55 C for 5 min slightly activated the phosphodiesterase activity
of PdeB against 30,50-cAMP by about 1.2-fold of the control (data
not shown). PdeA activity was not activated by the heat treatment.
PdeA and PdeB had slightly alkaline pH optima (pH 7.5–8.5) for
30,50-cAMP with 0.1 M Tris–HCl buffer (Fig. 2B). PdeA activity was
observed across a broader pH range compared to that of PdeB. PdeB
showed no 30,50-cAMP phosphodiesterase activity at or below pH 6.
Both enzyme activities were strongly inhibited by 0.1 M sodium
phosphate buffer (pH 6.0 and 7.0).
The enzyme activities of PdeA and PdeB in the hydrolysis of
30,50-cAMP were stimulated at pH 8.0 in 50 mM Tris–HCl buffer
by the addition of Mn2+or Co2+ at 50 lM (Table 1). The hydrolysis
of cAMP by PdeA was stimulated by Mn2+ or Co2+ up to 50 lMwith
inhibition (20–30%) at 250 lM Mn2+ or Co2+, and the addition of
10–250 lM Mn2+ or Co2+ to PdeB reaction mixtures showed the
same ranges of stimulation (data not shown). Conversely, PdeA
and PdeB were potently inhibited by 50 lM Zn2+. The effects of
divalent cations on PdeA and PdeB activities were similar to that
of E. coli CpdB [16].
PdeA and PdeB were analyzed to determine their kinetic param-
eters for 30,50-cAMP. The Km values of PdeA and PdeB for 30,50- and
20,30-cAMP were in the low micromolar ranges (2.9–5.2 lM) (Table
2). The Km values of PdeA or PdeB for 30,50-cAMP were signiﬁcantly
lower than those of class III 30,50-cAMP phosphodiesterases, such as
E. coli CpdA or Mycobacterium tuberculosis Rv0805 (Supplementary
Table 1S). Also, the Km values of PdeA or PdeB for 20,30-cAMP were
about 8–10-fold lower than that of B. subtilis 20,30-cNMP phospho-
diesterase [17].
The predicted pdeA and pdeB gene products from M. xanthus
contain 256 and 284 amino acids with, respectively, 25% and 22%
identity to the E. coli CpdA [11]. They contain the conserved se-Table 2
Kinetic parameters of M. xanthus PdeA and PdeB.
Variable
substrate
Km (lM) Vmax
(nmol min1 mg1)
Kcat (S1) KcatK
1
m
(M1 S1)
PdeA
30 ,50-cAMP 3.3 ± 0.8 2.0 ± 0.1 9.6 ± 0.5  104 2.9  102
20 ,30-cAMP 3.8 ± 0.2 2.0 ± 0.2 9.6 ± 1.0  104 2.5  102
50-AMP 1.6 ± 0.2 11.4 ± 0.9 55.1 ± 4.4  104 34.4  102
50-ATP 12.5 ± 1.8 9.4 ± 0.3 45.4 ± 1.4  104 3.6  102
PdeB
30 ,50-cAMP 5.0 ± 0.7 1.8 ± 0.1 9.3 ± 0.5  104 1.9  102
20 ,30-cAMP 5.2 ± 0.1 3.1 ± 0.1 6.0 ± 0.5  104 3.1  102
50-AMP 1.4 ± 0.2 6.0 ± 0.1 31.0 ± 0.5  104 22.1  102
50-ATP 3.3 ± 0.8 3.0 ± 0.3 15.5 ± 1.6  104 4.7  102quence motifs, DXH-Xn-GD-Xn-GNH(E/D)-Xn-H-Xn-GHXH, where
X is any residue, found in class III 30,50-cAMP phosphodiesterases
[9]. PdeA and PdeB bear sequence similarities to E. coli CpdB, which
also contains the conserved sequence motifs of class III 30,50-cAMP
phosphodiesterases, and have 20% and 21% identities with the N-
terminal region of CpdB in E. coli, respectively. The conserved se-
quence motifs of class III 30,50-cAMP phosphodiesterases are very
similar to those of purple acid phosphatases. Almost all purple acid
phosphatases have phosphatase and phosphomonoesterase activi-
ties under acidic conditions. To our knowledge, purple acid phos-
phatases with cNMP phosphodiesterase activities have not been
reported.
3.3. Natural substrate speciﬁcity for PdeA and PdeB
The phosphatase activities of PdeA or PdeB toward various nat-
ural substrates are shown in Fig. 3. PdeA and PdeB demonstrated
highest phosphomonoesterase activities toward purine ribonucle-
oside 50-monophosphates, 50-AMP and 50-GMP. PdeA and PdeB also
showed high phosphomonoesterase activities against 50-UMP, 30-
AMP, and 30-GMP, low activities against 50-dAMP, and no activities
toward 20-AMP and 20-GMP. In addition to phosphomonoesterase
activity, PdeA and PdeB also catalyzed the hydrolysis of various
nucleoside 50-tri- and 50-diphosphates. Uridine diphosphate
(UDP) D-glucose was hydrolyzed by PdeB, but not by PdeA.
Some bacterial 50-nucleotidases can equally use 50-nucleoside
tri-, di-, and monophosphates as substrates, but they can not
hydrolyze 20- or 30-NMP [15,20]. 50-Nucleotidases from some bac-
teria have also uridine diphosphate sugar hydrolase activities
[15,20,21]. In contrast to the bacterial 50-nucleotidases, 50-nucleo-
tidases from animals and plants have a preference for 50-AMP [15].
On the other hand, E. coli nucleotidase, SurE, is a 50(30)-nucleotid-
ase, which can hydrolyze 50- and 30-mononucleotides [22]. These
nucleotidases do not have cNMP phosphodiesterase activity. The
substrate speciﬁcities of PdeA and PdeB also show no similarity
to that of any known nucleotidase.
PdeA and PdeB had slightly alkaline pH optima for 50-AMP
(Fig. 2D). The phosphomonoesterase activities were also inhibited
by 0.1 M sodium phosphate buffer, but the phosphomonoesterase
activities were less sensitive to phosphate than cAMP phosphodi-
esterase activities. In addition, the PdeB activity was more strongly
inhibited by 0.1 M phosphate than was PdeA activity. Alkaline
phosphatase has broad substrate speciﬁcity, and hydrolyzes a wide
variety of compounds containing nucleoside 50-tri-, 50-di-, and 50-
monophosphates, and its alkaline phosphatase activity is inhibited
by phosphate [13,23,24]. E. coli alkaline phosphatase (PhoA) does
not have cNMP phosphodiesterase activity, but alkaline phospha-
tase from rat osseous plate hydrolyzes 30,50-cAMP [13,24].
Mn2+ and Co2+ were also the most effective in stimulating the
phosphomonoesterase in these effects on 50-AMP (Table 1). The
effects of divalent cations on PdeA and PdeB activities were sim-
ilar to that of E. coli 50-nucleotidase, UshA [20]. In E. coli UshA, the
activity for hydrolysis of 50-AMP was stimulated by Co2+, and the
activity was increased 2-fold by the further addition of Ca2+ [20].
The further addition of Ca2+ to a reaction mixture containing
50 lM Co2+ did not increase the activity of PdeA, but PdeB activ-
ity was increased slightly by the addition of 50 lM Co2+ and Ca2+.
On the other hand, the phosphomonoesterase activities of PdeA
and PdeB were also strongly inhibited by the addition of 50 lM
Zn2+.
The Km values of PdeA and PdeB for 50-AMP and 50-ATP were
also in the low micromolar ranges (1.4–12.5 lM) (Table 2). The
afﬁnities of PdeA or PdeB for 50-AMP and 50-ATP were much higher
than those of E. coli UshA, SurE, and PhoA (Supplementary Table
1S). On the other hand, the Vmax values of PdeA and PdeB for 50-
AMP and 50-ATP were much lower than those of these enzymes.
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Fig. 3. Hydrolysis of natural substrates by PdeA (A) and PdeB (B). The activity was assayed in 50 mM Tris–HCl buffer, pH 8.0, containing 50 lM MnCl2, and 5 lM substrate.
Table 3
Effect of inhibitors on phosphodiesterase activities with 30 ,50-cAMP and
phosphomonoesterase activities with 50-AMP.
Inhibitor PdeA (relative activity) PdeB (relative activity)
30 ,50-cAMP 50-AMP 30 ,50-cAMP 50-AMP
None 100 ± 4 100 ± 6 100 ± 3 100 ± 5
IBMX 94 ± 5 104 ± 8 90 ± 0 95 ± 5
Theophylline 101 ± 5 95 ± 5 100 ± 0 87 ± 4
b-glycerophosphate 102 ± 2 86 ± 2 96 ± 4 100 ± 4
Orthovanadate 26 ± 5 34 ± 2 29 ± 7 32 ± 4
Phosphoserine 59 ± 8 75 ± 6 73 ± 4 83 ± 3
Phosphotyrosine 44 ± 6 77 ± 0 52 ± 4 78 ± 1
EDTA 39 ± 8 34 ± 2 39 ± 4 29 ± 4
The inhibitor concentrations were 5 mM for phosphoserine and phosphotyrosine,
1 mM for IBMX, theophylline, and orthovanadate, and 0.1 mM for b-glycerophos-
phate and EDTA.
Y. Kimura et al. / FEBS Letters 583 (2009) 443–448 4473.4. Inhibitors for cAMP phosphodiesterase and phosphomonoesterase
activities of PdeA and PdeB
Non-speciﬁc phosphodiesterase inhibitors for 30,50-cNMP phos-
phodiesterases from mammalian and some bacteria [25–27] or
alkaline phosphatases from human or rat osseous plate [24,27],
theophylline and 3-isobuthyl-1-methylxanthine (IBMX), and
metallophosphoesterase inhibitor, b-glycerophosphate, did not in-
hibit PdeA and PdeB activities (Table 3). cAMP phosphodiesterase
and phosphomonoesterase activities of PdeA and PdeB were inhib-
ited by about 20–75%; however, in the presence of 1 mM sodium
orthovanadate, 5 mM phosphoserine and phosphotyrosine, inhibi-
tors of eukaryotic protein phosphatases. Class III 30,50-cNMP phos-
phodiesterase from M. tuberculosis is also inhibited by sodium
orthovanadate and phosphoserine [12]. EDTA, a metal chelating
agent, caused marked inhibition of PdeA and PdeB activities
against both 30,50-cAMP and 50-AMP.
Studies in enzymatic characteristics and physiological roles of
30,50-cAMP phosphodiesterases in bacteria are very scarce
[10,12,26,28,29]. We previously reported that both PdeA and PdeB,
which have low identity to class III of cAMP phosphodiesterases,
contribute to adaptation of osmotic or high-temperature stressduring germination or growth, respectively, in M. xanthus [11].
Under these stressful conditions, intracellular 30,50-cAMP levels of
pdeA or pdeB mutant cells were about 1.3-fold to 2.0-fold higher
than those of wild-type cells. This study indicated that both PdeA
and PdeB can hydrolyze 30,50-cAMP and have similar Km and Vmax
448 Y. Kimura et al. / FEBS Letters 583 (2009) 443–448values for 30,50-cAMP. These results suggest that PdeA and PdeB
have similar contribution to adaptation of these stresses. On the
other hand, PdeA and PdeB also hydrolyzed various natural nucle-
otides. One or more of these nucleotides might be also important
for adaptation to growth under high-temperature stress or to ger-
minate under osmotic stress in M. xanthus.
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